The island of Gotland in the Baltic Sea has had no contact with surrounding continental areas since the withdrawal of the Weichselian ice sheet at approx. 17 ka BP. Plants present on Gotland must have arrived by long-distance dispersal, so populations are expected to exhibit reduced levels of genetic diversity compared with populations on surrounding mainlands. However, orchids have very small seeds, which appear well adapted to long-distance dispersal, and they should therefore be less affected than other plant species by colonization bottlenecks. The aim of this study was to analyse the genetic structure of orchids colonizing isolated islands, using the marsh orchid Dactylorhiza majalis ssp. lapponica as a case study.
INTRODUCTION
In plants, historical processes such as migration and colonization, and population demography including population bottlenecks, can retain their imprint over genetic diversity patterns for long periods of time. Especially in geologically young landscapes such as those of northern Europe, which were covered by the Weichselian ice sheet until less than 17 ka BP, genetic structures originating from the early recolonization process may still be evident (Hewitt, 1996; Taberlet et al., 1998) . These genetic patterns can also be used to trace the origins and the direction of migration of species that occur in the area today.
During a colonization phase, gene dispersal is determined primarily by the dispersal of seeds and other diaspores that can establish plant populations at new localities (Cwynar and McDonald, 1987; Barrett and Husband, 1990) . It is a general pattern that the amount of genetic diversity decreases towards a migration front (Hewitt, 1996) , whereas the structure of genetic diversity would be determined by the mode of migration (Schiemann et al., 2000; Mandák et al., 2005) . Plants founding new isolated populations by long-distance dispersal generally form a migration front of scattered populations that tend to be divergent from each other (Cwynar and McDonald, 1987) , whereas plants expanding gradually by short-distance dispersal form a dense migration front of genetically similar populations (Schiemann et al., 2000) . Differences between populations at a migration front may even out with time as a result of gene dispersal by means of both seeds and pollen.
Whereas pollen dispersal is important for balancing genetic differentiation at nuclear loci (Ellstrand, 1992) , seed dispersal enables genetic integration of populations at both nuclear and cytoplasmic loci (assuming maternal inheritance of the latter). For many plant species, populations remain more strongly differentiated in maternally inherited loci than in biparentally inherited loci (McCauley, 1995) . This pattern may have its origin in the fact that the haploid genome has a smaller effective population size than the nuclear genome and lacks recombination, leading to more rapid divergence and gene frequency changes following bottlenecks in population size (Ennos et al., 1999) . However, a stronger divergence at cytoplasmic loci could also be due to colonization dynamics and effects of early establishment; plants that can produce a large number of seeds from first colonizers would rapidly fill the available habitat to the effect that seeds arriving later would be outnumbered by the initial genotypes at the site (Hewitt, 1996 (Hewitt, , 2000 . In particular, in perennial species, the genetic differentiation in cytoplasmic markers would decrease only slowly between populations. Gene flow by pollen can homogenize the genetic structure at nuclear loci more rapidly (Ellstrand, 1992) , although selfing or geitonogamy would still slow down the process. Moreover, in orchids, the relative contribution of pollen versus seed in shaping the genetic patterns between sites differs from that within sites, pollen dispersal being effective mainly at moderate distances (Hamrick and Trapnell, 2011) . Additional effects are given by metapopulation dynamics and population turnover; species experiencing frequent extinction and recolonization of local populations differ in genetic structure from that typical of species forming stable and long-lived populations (Tremblay et al., 2006; Winkler et al., 2009; Trapnell et al., 2013) . It follows that an initial pattern of genetic differentiation between populations may take a long time to homogenize by means of seed dispersal alone. Some authors even consider that gene flow between plant populations is so small in comparison with the accumulation of random mutations within populations that the only explanation for the coherence of a species is that different populations have originally been established from the same source population (Ehrlich & Raven, 1969) .
However, given a long enough period and a situation where suitable sites and habitats have remained stable through time, the imprint of history will slowly disappear, and more of a balance between mutation, drift and gene flow by pollen and seed will probably be achieved (Austerlitz et al., 2000) . Whereas mutation and local selection will work in the direction of population divergence, these processes are counterbalanced by gene flow via pollen and seed, which tend to homogenize genetic patterns within and between populations (Wright, 1943) . Generally, a pattern of isolation by distance (IBD) is expected, where the genetic differences between populations increase with geographical distance. Other factors may also influence gene diversity and structure. For instance, gene flow patterns are determined by the degree of connectivity to other populations, and drift is expected to have stronger effects in small populations than in large ones (Barrett and Kohn, 1991; Ellstrand and Elam, 1993) . Furthermore, selection may also have a strong impact on genetic differentiation between populations. In plants, selection towards particular habitats may lead to a structure where similar genotypes become associated with specific habitats, whereas different habitats may house genetically divergent genotypes − in effect, a structure of isolation by environment (IBE; Wang and Bradburd, 2014) .
In the present paper, we analyse the genetic structure in the terrestrial orchid Dactylorhiza majalis ssp. lapponica on the island of Gotland in the Baltic Sea. The island is about 150 by 50 km in size and is rhomb-shaped, tapering gradually towards the south-southwest and the north-northeast. The highest point, 82 m a.s.l., is situated in the south-central region. Gotland has never had any land connections to surrounding mainland regions after the last ice age and so is considered as a particularly suitable area for studying post-glacial recolonization processes.
As in most orchids, the seeds of Dactylorhiza are small and distributed by wind (Arditti and Ghani, 2000) . Although most seeds of terrestrial orchids have been observed to fall within a close distance from the mother individual (Jersáková and Malinová, 2007) , each fruit contains several thousand seeds and it is generally considered that orchids are particularly effective in dispersing their seeds to new sites (Arditti and Ghani, 2000; VandenBroeck et al., 2014) . Species of Dactylorhiza are self-compatible (Neiland and Wilcock, 1995) , which means that new populations can be established from single seeds.
Dactylorhiza are mainly pollinated by naïve bumble-bees, and the plants act by deceit since no reward is offered (Nilsson, 1981; Claessens and Kleynen, 2011) . Consequently, each flower typically receives relatively few visits, but fruit set may still reach levels of approx. 50 % in D. majalis ssp. lapponica on Gotland (M. Hedrén, unpublished data). Also, as the pollen is dispersed in coherent masses contained within club-like pollinaria, a single successful pollination can still result in thousands of seeds. Although the deceit pollination system may enhance dispersal of pollen over longer distances (Nilsson, 1992; Cozzolino and Widmer, 2005) , bumble-bees are nonetheless collecting pollen and nectar from rewarding plants in a systematic fashion around their nests and avoid unnecessary flight distances. Pollen dispersal is therefore mainly expected to be effective within the local population. Furthermore, because the plastid genome is exclusively inherited from the egg parent in orchids (Corriveau and Coleman, 1988) , pollen dispersal has no effect on the patterns of plastid haplotype distribution in orchids.
Based on the distribution and ecology of ssp. lapponica on Gotland (Johansson et al., 2016) and known colonization history with multiple colonization events, including colonization from the east across the Baltic Sea , we tested two alternative hypotheses to explain the population structure and differentiation in the Gotlandic regional population.
(1) The population structure is mainly determined by ongoing processes, and between-population differentiation is mainly shaped by drift/seed dispersal. In effect, populations are expected to be differentiated according to geographical distance. We have already demonstrated that the Gotlandic regional population of D. majalis ssp. lapponica was established by repeated seed dispersal events from neighbouring continental areas ), but we expect that different plastid haplotypes should have had sufficient time to spread across Gotland and that neighbouring populations should contain plastid haplotypes in similar proportions. Due to higher concentrations of populations growing in the central and northern parts of the island, we expect more diversity and less differentiation among these populations than among isolated populations in the south of the island, which should be divergent from the rest and contain low amounts of within-population diversity. (2) The population structure is mainly determined by the recolonization process. Given the long distances between Gotland and any neighbouring continental region (130 km to the Swedish mainland and 170 km to the Baltic mainland), suitable sites on Gotland may have been colonized more or less at random from mainland populations, and at different times. Moreover, seed production can be skewed towards a few individuals across a population, depending on, for example, year, individual size and population structure (Fritz and Nilsson, 1996; Helsen et al., 2016) . If the local site is rapidly filled by descendants of the first colonizing plant(s), subsequent dispersal from other populations may have negligible effect on the diversity patterns within populations. We would expect neighbouring populations to often be fixed for different plastid haplotypes and also divergent at nuclear loci.
Here, we use molecular markers to investigate the genetic structure of the Gotland populations of D. majalis ssp. lapponica. We compare populations for differentiation in plastid as well as nuclear markers. As the plastid genome is inherited from the maternal parent in orchids, the study of plastid marker variation will reflect the seed dispersal pattern only, whereas the patterns given by nuclear markers will depend on both the dispersal of seed and the dispersal of pollen.
MATERIALS AND METHODS

Study area and its post-glacial history
Gotland has never had any connection with surrounding land areas after the last ice age (Björck, 1995; Svensson, 1991; Svantesson, 2016) . The Baltic Sea basin was covered by the thick Weichselian ice sheet until approx. 17 ka BP. The ice then gave way to the ice-dammed Baltic Ice Lake with a surface level about 25−30 m above the present-day sea level in the Baltic. Gotland was first submerged under water, but as a consequence of isostatic land uplift, the highest parts of Gotland, now above approx. 55−60 m a.s.l. appeared above the water surface at approx. 13 ka BP (Svantesson, 2016) . When the retreating ice passed the northern-most part of Mt Billingen (i.e. on the south-central mainland of present-day Sweden) at approx. 11.7 ka BP, the Baltic Ice Lake rapidly drained, and the water level dropped to approx. 30 m a.s.l. on central Gotland (relative to present-day sea level). After a period of more saline condition during the Yoldia Sea stage, isostatic land uplift again closed the outlet from the Baltic into the North Sea, and at the end of the freshwater Ancylus Lake stage at approx. 9.5 ka BP, the water level had transgressed to approx. 20 m a.s.l. on southern Gotland and approx. 45 m a.s.l. on northern Gotland (Svantesson, 2016) . At 6.5 ka BP, at the end of the Littorina Sea transgression, the shoreline reached 15 m a.s.l. on southern Gotland and 25 m a.s.l. on northern Gotland. Subsequent land uplift has contributed to the size of Gotland we observe today, about 3100 km 2 . At present, ongoing land uplift due to isostatic movement amounts to 0.1-0.2 m per 100 years (Svensson, 1991) .
Study taxon
Dactylorhiza majalis (Rchb.) P.F.Hunt & Summerh. ssp. lapponica (Laest.) H.Sund. is widespread on Gotland and in a recent flora inventory it was recorded in 83 out of the 189 5 × 5-km squares that formed the basis for the inventory (Johansson et al., 2016) . Its distribution on the island is still somewhat uneven, as the orchid occurs mainly along the two major bands of hard limestone running diagonally across the island from the south-west to the north-east. The species is rare or absent from the extreme south, Storsudret, and from the island of Fårö just to the north of the main island (Johansson et al., 2016) .
On Gotland, D. majalis ssp. lapponica is bound to calcareous fens with high pH where it grows in zones with mobile groundwater (Martinsson, 1997; Johansson et al., 2016) . Such areas are found at springs with cold upwelling water, in flushes below these areas, and along small streams collecting the water from these sites. The species is also found in slightly sloping fens with zones of diffusely outflowing water, notably in the open grass/sedge zones bordering many of the Gotlandic Cladium mires.
Dactylorhiza majalis ssp. lapponica is a member of the D. majalis complex (Hedrén et al., 2012a) Hedrén, 1996) . Dactylorhiza majalis ssp. lapponica has a wide distribution in Northern Europe, but is quite scattered except in regions on calcareous bedrock (Hultén, 1971 Balao et al., 2016) , and they are often merged with each other. However, we do not aim at a taxonomic revision of the complex here, and we emphasize that a full picture of the differentiation patterns also requires collection of morphometric data. Dactylorhiza majalis ssp. lapponica is also related to the much stouter and broad-leaved D. majalis ssp. majalis, but this taxon only reaches the southernmost tip of Sweden and the southern shores of the Baltic Sea in Germany and Poland; it is not found on Gotland or the neighbouring mainland areas to the west and east of Gotland.
Sampling
This study includes population samples from 27 localities of D. majalis ssp. lapponica, 23 from Gotland and four reference populations from neighbouring mainland regions (Supplementary Data Table S1 ). The selected reference populations reflect gross patterns of plastid haplotype distribution in the Baltic area . Two of these are located in eastern mainland Sweden and one population each in the islands of Hiiumaa and Saaremaa, located off the coast in western Estonia. A total of 512 plants, ranging between two and 39 samples per locality, were examined for both nuclear and plastid markers. Nine additional plants were analysed only for plastid markers. It is possible that the study material may include some samples affected by introgression from D. incarnata, but no primary hybrids with this species were included, as far as could be judged from gross morphology and combined molecular data. A minor part of the material (about 60 plants) has previously been used in studies of plastid haplotype and nuclear internal transcribed spacer (ITS) variation patterns Hedrén, 2008, 2009 ) to resolve the general phylogeography of ssp. lapponica, and for nuclear microsatellites (Hedrén et al., 2012b) to compare ssp. lapponica with other local taxa.
Molecular methods
Flowers with bracts were collected from plants in the field and desiccated in plastic bags with fine dry silica gel (Chase and Hills, 1991) . In the laboratory DNA was extracted from one to two flowers per plant according to the 2× CTAB procedure (Doyle and Doyle, 1990) .
Fifteen size-variable sites were studied in non-coding regions of the plastid genome (Table S2) . Altogether, the studied marker sites consisted of five mononucleotide microsatellites, one dinucleotide microsatellite, one combined mononucleotide/dinucleotide repeat, one restriction site and seven other types of duplications or indels. The combined variation patterns at all marker sites were recognized as haplotypes and numbered according to the annotation system used by Hedrén et al. (2008) . Haplotypes newly discovered here have been given additional numbers.
Variation in the nuclear genome was studied by use of seven nuclear microsatellite loci (Table S3 ). Five of these -ms3, ms8, ms11, ms13 and ms14 -are trinucleotide repeats and were described by Nordström and Hedrén (2007) . The remaining two loci are first described here. Locus ms2 was originally found with a dinucleotide repeat motif and all alleles identified here differed by an even number of base pairs. Locus D2501 was found to have some alleles that differed only by a single base pair, and had to be scored as a locus with a single base pair repeat motif. Loci ms2, ms3 and ms8 are specific for the incarnata subgenome, whereas ms13, ms14 and D2501 are specific for the maculata s.l. subgenome. Locus ms11 amplifies well in each of the parental lineages, but in allotetraploid Dactylorhiza, fragments from the maculata subgenome amplify much more strongly than those of the incarnata subgenome, such that only alleles of maculata origins could be scored with certainty. Thus, none of the loci produced more than two fragments in any individual, and calculations could be performed as for diploids.
Identification of ITS alleles followed the approach developed by Pillon et al. (2007) , in which alleles were identified by their combined fragment lengths at two size-variable regions (Table S2 ). ITS allele frequencies were estimated from the relative amounts of PCR products detected on the automated sequencer used for separating the size-variable fragments.
We refer to the above-mentioned publications for details on PCR primers and conditions. The PCR products from each reaction were mixed with 8.5 µL formamide containing appropriate size markers to enable exact size determination of the amplified fragments. They were then heated at 94 °C for approx. 20 min before loading onto acrylamide gels and separated by size on an ALFexpress II automated sequencer (Amersham Pharmacia Biotech). Fragment sizes were determined by using ALFwin fragment analyser 1.03.01 software (Amersham Pharmacia Biotech).
Data analysis
The relationships between plastid haplotypes were elucidated by means of a median joining (MJ) network (Bandelt et al., 1999) in which variants recognized at the 15 investigated loci were treated as ordered characters according to fragment size or numbers of repeats (Slatkin, 1985) . The MJ network was calculated in the computer program NETWORK 4.5.1.6 (Fluxus Technology, 2007) .
The overall level of diversity distributed between populations in haplotype data was estimated by both N ST , calculated on the basis of numbers of differing loci between haplotypes, and G ST , which considered only patterns of shared haplotype distributions between populations. Calculations were performed in SPAGeDi 1.4 (Hardy and Vekemans, 2002) . Differentiation in nuclear microsatellites between population samples was described by average numbers of pairwise differences (Nei and Li, 1979) , calculated in Arlequin 3.5.1.2 (Excoffier et al., 2005) . The resulting matrix of pairwise differences was rotated in a principal coordinates analysis (PCO) to extract overall differentiation patterns for visual inspection. The PCO was calculated in NTSYS-pc 2.2 (Rohlf, 2005) . Pairwise G ST values between pairs of populations, and pairwise R ST values -an approach that also takes numbers of repeats separating alleles into account -were obtained in SPAGeDi 1.4 (Hardy and Vekemans, 2002) .
Hierarchical patterns of genetic diversity distribution were estimated by means of analysis of molecular variance, AMOVA. The estimated F ST for plastid haplotypes was based on haplotype frequencies. F ST for nuclear microsatellites was calculated on the basis of numbers of different alleles (F ST -like comparisons). All calculations were performed in Arlequin 3.5.1.2 (Excoffier et al., 2005) .
Inbreeding coefficients for individual populations, F IS , and their confidence intervals were calculated on the basis of nuclear microsatellites in SPAGeDi 1.4 (Hardy and Vekemans, 2002) , following the method of Weir and Cockerham (1984) .
The general association between geographical distances and pairwise estimates of population differentiation, G ST , derived from nuclear microsatellites or plastid haplotypes was tested by means of Mantel tests. Measures of differentiation and geographical subdivision were the same as in the AMOVA calculations. The Mantel tests were performed in NTSYS-pc 2.2 (Rohlf, 2005 ).
An assignment test (Waser, 1998) was performed to analyse whether differentiation between individuals in nuclear microsatellite loci was correlated to differentiation in ITS. First, the total material was subdivided into three groups, depending on whether individual samples were fixed for ITS-XII, had no ITS-XII, or had mixed proportions of ITS-XII and other ITS alleles. On basis of their microsatellite-derived genotypes, the probability that any specimen would belong to one of the three groups was then calculated. The specimens were then plotted for the probabilities of belonging to the first two groups, being either fixed for ITS-XII, or having no ITS-XII. Two plots were produced, one reporting on ITS-XII, and one reporting specimens with plastid haplotype 55. The assignment test was performed in Arlequin 3.5.1.2 (Excoffier et al., 2005) .
The F ST and F IS estimates derived from the AMOVA of nuclear microsatellites and the F ST estimate derived from the AMOVA of plastid haplotypes were used to calculate the pollen to seed-flow ratio, m p /m s according to the formula given by Ennos (1994) :
where F ST(B) and F IS(B) are derived from biparentally inherited markers and F ST(M) is derived from maternal plastid markers.
Aggregation of individuals into K groups on the basis of nuclear microsatellite data, with no prior information on population membership, was investigated in the program Structure 2.3.4 (Pritchard et al., 2000) . The analysis was run with standard settings, allowing for admixture between groups and assuming no correlation of alleles. The analyses used a burnin of 100 000 steps and 100 000 iterations and was repeated 20 times for each value of K between 1 and 20. The optimum number of K was evaluated by the method developed by Evanno et al. (2005) , as implemented in the computer program Structure Harvester (Earl and von Holdt, 2012) . Output data were finally summarized using the computer program CLUMPP (Jakobsson and Rosenberg, 2007) .
Diversity and richness for all populations were estimated from both plastid haplotypes and nuclear microsatellites. For nuclear microsatellites, diversity estimates were calculated as average gene diversity over loci. For plastid haplotypes, diversity estimates were calculated both as standard diversity based on haplotype frequencies and as average gene diversity over marker sites. Haplotype and allelic richness were corrected for differences in sample size by means of rarefaction, where the sample size was set to n = 5 (10 gene copies for nuclear loci). Allelic richness was calculated as a weighted mean over loci. Calculations were performed in SPAGeDi 1.4 (Hardy and Vekemans, 2002) .
RESULTS
Population differentiation and population diversity patterns
Sixteen plastid haplotypes were identified by combining the size variants found at the 15 analysed plastid VNTR loci (variable number of tandem repeat loci) (Table S4 , Fig. 1 ). Two haplotypes were common (i.e. present in hundreds of individuals), four were moderately common and the rest were each found in only one to five individuals (Table S4 ). The distribution of haplotypes within populations is illustrated in Fig. 2A . To some extent, neighbouring populations shared the same haplotypes, but no overall pattern of haplotype distribution was evident. When populations at different geographical distance intervals were compared for differentiation in plastid haplotypes, no correlation with geographical distance was found (analysis performed in SPAGeDi, data not shown).
A total of 74 alleles were recorded at the seven analysed nuclear microsatellite loci (Appendix S1). Between four and ten alleles per locus were found at the five loci with trinucleotide repeats, whereas 22 alleles were found at locus ms2 with a dinucleotide repeat region, and 18 alleles at locus D2501 with an apparently complex or mononucleotide repeat region. Some of the low-frequency alleles were confined to single populations ('private alleles'). The two populations Heistesoo and Viidumäe in Estonia and Botes on Gotland were relatively rich in private alleles, whereas the remaining populations each had at most one or two such alleles (Appendix S1).
In the PCO performed on microsatellite differentiation between populations (Fig. 3) , some populations diverge in various directions from the majority located in the centre. The two Gotland populations Millklint B and Kauparve are located in the lower right of the plot, in the direction of the Estonian Viidumäe population, whereas four Gotlandic populations are located closer to the mainland Swedish population of Sjösa (in the upper part of the plot).
As for plastid haplotypes, no correlation between geographical distance and pairwise G ST between populations from L9 (1) L10b (2) L8 (1) L19B (1) L10b (1) L8 (1) L19B (1) Group 1B haplotypes
L10b (3) Group 1A haplotypes
L10b (1) L19B (1) L19B (1) L10b (1) L11b (1) L9 (1) L11b (1) incarnata group of haplotypes L10b (1) L10b (1) L10b (1) 108
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Group 2 haplotypes Gotland was found when G ST was calculated on the basis of nuclear microsatellite data (not shown). Evaluation of the STRUCTURE results suggests that the material is best subdivided into three groups on the basis of nuclear microsatellites ( Figs 2B and 4) . Most populations contain individuals belonging to groups 2 or 3 (or a mix belonging to any of these groups), whereas two populations from Gotland (Kauparve and Millklint B) and one population from Estonia (Viidumäe) are dominated by individuals predominantly belonging to group 1. Overall, the proportions of individuals within the populations belonging to any of the three groups did not form any apparent geographical structure (Fig. 2B) . Most populations were dominated by the D. maculata ssp. fuchsii-characteristic ITS alleles III and V or a combination of these (Fig. 2C) . Two populations from Gotland, Kauparve and Millklint B, as well as the Estonian population Viidumäe had a high proportion of ITS allele XII. Several populations had in addition small proportions of the D. incarnata-characteristic allele X.
Although no geographical structuring was evident (e.g. Fig. 2) , the patterns of differentiation were similar between the three molecular data sets. Comparing the distance matrices of pairwise G ST between populations derived from nuclear microsatellite allele composition with that derived from plastid haplotype compositions in a Mantel test, a weak but significant general correlation was found [r = 0.280, P(random z ≥ observed z) = 0.0118]. The Viidumäe, Kauparve and Millklint B populations always diverged from the rest, and were characterized by high frequencies of plastid haplotype 55, ITS allele XII, and with a strong membership of group 1 as given by the Bayesian clustering of microsatellite allele data.
When testing for a phylogeographical structure in the plastid haplotypes, the overall N ST , 0.539, was found to be somewhat larger than the corresponding G ST , 0.463, but the difference was not significant. Considering different distance categories separately, no correlation was found between the diversity parameters and geographical distance. Testing for phylogeographical structure in the nuclear genome by analysis of nuclear microsatellite data, it was found that R ST was significantly larger than G ST , 0.397 vs. 0.273 (P < 0.05). R ST and G ST were fairly even over different distance categories, and only populations located 20−40 km from each other had significantly higher R ST than G ST .
Nuclear allelic richness within populations was weakly but significantly correlated with haplotype richness (r = 0.400, P = 0.048; Fig. 5A ), and nuclear allelic diversity with haplotype diversity (r = 0.457, P = 0.022; Fig 5B) . The two Estonian populations and some of the Gotlandic populations had high values for these parameters, whereas the two reference populations from the Swedish mainland and some Gotlandic populations attained low values, especially for the haplotype parameters as they were apparently fixed for a single haplotype in each case (Appendix S1).
Some of the nuclear genetic diversity parameters were associated with elevation. The strongest relationship was found between elevation and allelic richness (r = 0.506, P = 0.0082), followed by elevation and expected diversity (r = 0.427, P = 0.024), and elevation and effective number of alleles (r = 0.369, P = 0.045). The association between estimated population sizes and genetic diversity parameters was weaker. There was still a significant correlation with effective numbers of alleles (r = 0.373, P = 0.048), whereas the correlation with allelic richness was close to significant (r = 0.354, P = 0.057).
The mean inbreeding coefficient derived from the AMOVA in Arlequin was given as 0.216 (Table S5 ). The populationspecific inbreeding coefficient derived in SPAGeDi was 0.554 in the Millklint B population, and high values over 0.3 were also obtained in the population samples from Agmyr, Botes, Kviebäcken and Kauparve (Table 1) . We found no correlations between either inbreeding level and population size, or inbreeding level and elevation.
F ST estimates were obtained for the maternally inherited plastid genomes by performing AMOVA on plastid haplotype frequencies (Table S6 ; F ST(M) = 0.459), and for the biparentally inherited nuclear genome by performing AMOVA on nuclear microsatellite allele frequency data (Table S5 ; F ST(B) = 0.259). From the latter we also obtained an estimate of the overall inbreeding coefficient (F IS = 0.216). On basis of these values the pollen to seed dispersal ratio was calculated to be 0.958 for the Gotland population of D. majalis ssp. lapponica.
Differentiation patterns among individual samples
In the Bayesian clustering analysis, nearly all samples from the populations Viidumäe, Millklint B and Kauparve were assigned to group 1 with a high degree of probability (Figs 2B and 4) . A few samples from other populations on Gotland (Mallgårds källmyr, Kviebäcken, Bluttmo and Kallgatburg) were also assigned to this group with high probability, although the majority of samples were best sorted into groups 2 and 3 (Fig. 4) .
Comparing the affiliation to group 1 with the possession of ITS-XII, we found that only five out of 509 plants included in this comparison did not agree with the association (t-test: χ 2 = 450.02; P < 0.001). The association between belonging to group 1 and possession of plastid haplotype 55 was less perfect, but still strongly significant. Out of 512 plants, 26 possessed haplotype 55 and were assigned to cluster 1, 465 possessed other haplotypes and were sorted with the other clusters, and (Pritchard et al., 2000) , as given by the program CLUMPP (Jakobsson and Rosenberg, 2007) . The optimal number of groups was found to be K = 3, as given by the optimality criterion of Evanno et al. (2005) and as implemented in Structure Harvester (Earl et al., 2012) . The colours correspond to those used in Fig. 2B .
21 plants did not agree with the association (χ 2 = 261.13; P < 0.001).
These associations were further explored in an assignment test, where the possession of ITS-XII was used as a grouping criterion to test for the differentiation at nuclear microsatellites between groups (Fig. 6) . Plants fixed for ITS-XII were mostly reallocated to their own group above the diagonal, whereas plants lacking the allele were reallocated to their respective group below the diagonal (Fig. 6A) . Samples combining ITS-XII with other ITS alleles were inserted a posteriori and were mostly located among plants being fixed for ITS-XII. Many specimens above the diagonal also carried plastid haplotype 55 (Fig. 6B) , although several of the specimens in this group carried other haplotypes. Comparing possession of haplotype 55 with the possession of ITS allele XII, we found that 26 plants had haplotype 55 together with allele ITS-XII, 460 plants had neither of these, whereas 24 plants did not match the association (χ 2 -test; χ 2 = 241.96; P < 0.001).
DISCUSSION
Haplotype distribution and repeated colonization from the East
The haplotypes identified in D. majalis ssp. lapponica on Gotland aggregate into four more or less distinct groups (Fig. 1) . This pattern should be compared with knowledge about their general distribution in Europe and their taxonomic distribution (Pillon et al., 2007; Hedrén et al., 2008 Hedrén et al., , 2011 Hedrén, 2008, 2009; Hedrén, 2009, 2010) . Haplotypes given as the incarnata group to the left of Fig. 1 are clearly divergent from the remaining haplotypes, but are characteristic of the D. incarnata lineage, which is the paternal lineage to allotetraploid members of the D. majalis complex found in Europe (Hedrén, 1996) . All other haplotypes are similar or identical to haplotypes present in the D. maculata s.l. lineage, which is the other parental lineage of the European allopolyploids, and which must have originally served as the maternal lineage (Hedrén, 2003; Devos et al., 2003; Pillon et al., 2007) . Although it has a somewhat different ecology, D. incarnata s.l. is invariably growing together with D. majalis ssp. lapponica at the local sites, and hybrids between them have been demonstrated by means of molecular markers (Hedrén, 1996; Aagaard et al., 2005) . The same incarnata haplotypes identified here were also identified in samples of the local D. incarnata populations (not shown), and we interpret their presence in ssp. lapponica as representing local and recent introgression. Therefore, they do not convey any information on the area of origin of the local ssp. lapponica populations.
Haplotypes given as group 1a are closely similar to haplotypes identified in present-day members of the D. maculata s.l. lineage. Haplotype 59 is fairly common in the extant diploid D. maculata ssp. fuchsii and is also widespread in this subspecies in the Baltic area, including Gotland, whereas haplotypes 54 and 55 are rare (Ståhlberg and Hedrén, 2009) .
Haplotypes given as groups 1b and 2 are apparently absent from present-day D. maculata s.l. (Ståhlberg and Hedrén, 2010) . Group 1b haplotypes are still related to haplotypes included in group 1a. Haplotype 87 is widespread and often dominant in the D. majalis core complex in most parts of Europe, but is absent from D. majalis ssp. lapponica in the southern Swedish mainland . The group 2 haplotypes 108 and 109 are similar to, but distinctly different from, the haplotypes that characterize present-day D. maculata ssp. maculata in western Europe. They have a scattered distribution in the D. majalis core complex, and apart from Gotland, they are also found in the Alps region and in the Baltic area to the east of Gotland. The overall distributions of plastid haplotypes found in D. majalis ssp. lapponica on Gotland reveal that the subspecies has colonized Gotland on a minimum of four, but possibly many more, occasions. Specifically, the absence of the three haplotypes 55, 87 and 109 from mainland Sweden, but their presence in Estonia to the east of the Baltic Sea, reveals that ssp. lapponica has colonized Gotland on a minimum of three independent occasions from the east. This finding is surprising, given that strong winds mostly blow from the south-east in the autumn when most seeds are dispersed (Bierstedt et al., 2015) , but the pattern may also reflect a more frequent occurrence of the taxon in coastal regions on the eastern side of the Baltic than on the southern Swedish mainland. Plants possessing haplotype 59 may have arrived from multiple directions as this haplotype is common in members of the D. majalis complex on the Swedish mainland, in northern Germany and in the Baltic countries (Nordström and Hedrén, 2009) . Because this haplotype is also common in present-day D. maculata ssp. fuchsii on Gotland (Ståhlberg and Hedrén, 2009; Hedrén et al., 2012b) , an origin by hybridization and introgression from this species as maternal parent is also possible.
Nuclear substructure and genotypic divergence
Using nuclear microsatellite data, and applying a Bayesian clustering procedure, we found that D. majalis ssp. lapponica on Gotland is best divided into three groups. Plants assigned to group 1 are genetically more strongly divergent from plants assigned to groups 2 and 3 than plants from the two latter groups to each other (Fig. 4) . The Bayesian clustering analysis was based on microsatellite allele identity, but the differentiation of group 1 becomes even more apparent if differences in allele size are also considered. Plants within the three populations Viidumäe, Kauparve and Millklint B, from which most plants were assigned to group 1, all had on average longer alleles than most other populations at the microsatellite loci ms3, ms13 and ms2 (Appendix S1). Assuming a stepwise mutation model of microsatellite alleles (Slatkin, 1985; Ellegren, 2004) , plants within these populations should thus be related to each other, although they do not always share alleles of exactly the same lengths. For nuclear data: n, sample size; A, average number of alleles per locus; A e , effective number of alleles per locus; AR, allelic richness adjusted for a population of five samples (10 gene copies); H e , expected diversity corrected for sample size; F IS , inbreeding coefficient (significant departures from Hardy-Weinberg equilibria indicated: *P < 0.05; **P < 0.01; ***P < 0.001).
For plastid haplotype data: n, sample size; A, number of different haplotypes per population; A e , effective number of haplotypes per population; AR, haplotype richness adjusted for a population of five samples (five haplotype copies); H e , expected diversity corrected for sample size.
Plants assigned to group 1 were almost fixed for the ITS allele XII, which was almost absent from plants assigned to the other two groups, and they often also contained plastid haplotype 55. In the following discussion, we will refer to this association as genotype 1. Because of the tight association of these markers, we hypothesize that plants with genotype 1 have colonized Gotland independently of the other genotypes identified on Gotland. Moreover, because this genotype also occurs in one of the reference populations from Estonia, it seems likely that it colonized Gotland from the east. Because genotype 1 differs so much from the other genotypes, we propose that it has colonized Gotland relatively recently, whereas plants with other character combinations may have resulted from earlier colonization phases.
Genotype 1 had a very uneven distribution on Gotland. Two of the populations, Millklint B and Kauparve, were very strongly dominated by this genotype. Single plants with group 1 affiliation contained within populations dominated by group 2/3 plants may represent recent dispersal events from populations such as Millklint B or Kauparve. A few plants had mixed character combinations, indicating that genotype 1 is slowly becoming absorbed by the local gene pools. Populations dominated by the group 1 genotype still had relatively high values for both allelic richness and haplotype richness, suggesting that seed dispersal events from other populations have also contributed to their gene pools.
In contrast, plants belonging to groups 2 and 3 were often mixed with each other within populations and were also not associated with any particular plastid haplotype or ITS allele. Because the combined group 2/3 contains plants with more than two distinct plastid haplotypes that are also widespread elsewhere in Europe, it is clear that group 2/3 is the result of multiple dispersal episodes and subsequent intermixing of different colonizing populations. Individual populations dominated by group 2/3 plants may have been established from single seeds if they are fixed for a single haplotype, but must have been established from several seeds if they contain several distinct plastid haplotypes.
Accumulation of genetic diversity with time
We found very little structuring in any of the genetic marker data sets, and there was no significant correlation between genetic and geographical distances on Gotland. N ST was only marginally higher than G ST for plastid haplotypes and R ST only marginally higher than G ST for nuclear microsatellites, indicating that little of the diversity found in either data set originates from mutations that have occurred within populations at their present locations. Genetic diversity and richness parameters also varied across populations on Gotland.
The best explanation of the levels of genetic diversity within populations appears to be their age, as older populations may have acquired increased levels of genetic diversity by influx of seeds or by mutation. We found significant correlations between elevation and genetic diversity within populations, the highest values characterizing populations at high elevations. Because Gotland emerged slowly above the water surface of the Baltic Sea in the period following the last ice age, populations at the highest elevations may have had the opportunity to colonize their locations at between approx. 13 and 11.7 ka BP, whereas populations growing at altitudes lower than 15-25 m a.s.l. cannot have become established until approx. 6.5 ka BP at the earliest (Svantesson, 2016) , and populations close to the sea even more recently. Additional support for this hypothesis is given by the observation that the Botes population, at 65 m a.s.l., contains a large number of private alleles (Appendix S1). Furthermore, the closely similar haplotypes included in group 2b, 108 and 109, were found at their highest frequencies in the Mallgårds källmyr and Klinte populations, which are not geographically close, but still among the populations at the highest elevations. It is possible that this group of haplotypes was present in the first plants to colonize Gotland from the east. The occurrence of these haplotypes in populations at lower elevations could be explained by subsequent dispersal from these initial sites.
The finding that D. majalis ssp. lapponica has a long history on Gotland is supported by studies of morphological variation patterns. Andersson (1995) (Hultén, 1971) , the orchid probably has had a much longer history on Gotland than in Uppland.
In agreement with this hypothesis, the Gotlandic populations included in her study were found to be clearly more divergent from each other than the Upplandic ones (Andersson, 1995) . A similar pattern was found when mapping plastid haplotype distributions in Nordic D. majalis ssp. lapponica . They found that the Upplandic populations were all fixed for haplotype 59 (given as haplotype 19), which is only one of several equally common plastid haplotypes on Gotland (Fig. 1, Appendix S1 ).
Seed dispersal as a determinant of genetic structure
The genetic structure in plants depends on the dispersal by both seeds and pollen (Petit et al., 2005) . Orchids differ from most other angiosperms in dispersing a high proportion of their genes by seeds, i.e. they have usually a low pollen to seed gene dispersal ratio (Squirrel et al., 2001; Cozzolino et al., 2003;  Table S7 ).
The pollen to seed flow ratio calculated from the genetic diversity parameters obtained from the Gotland populations of D. majalis ssp. lapponica, 0.96, is among the lowest recorded in the orchid family (Table S7) . We interpret this value such that pollen dispersal is very restricted between populations and that most gene dispersal between populations is due to dispersal by seeds. We also found that the diversity within populations in plastid haplotype composition was correlated with diversity in nuclear marker loci, and furthermore that pairwise G ST values derived from plastid data and nuclear data were positively correlated. These observations support the contention that much of the overall gene dispersal in D. majalis ssp. lapponica on Gotland is determined by seed flow (Petit et al., 2005) .
A low pollen to seed dispersal ratio, as well as lack of geographical structure, may be the result of colonization history (Ray and Excoffier, 2010) . Given that Gotland has been colonized repeatedly by long-distance seed dispersal, it is possible that these seeds originated from different source populations that are more or less equally distant (VandenBroeck et al., 2014) . Even if there were a genetic structure among the source populations, that structure would not necessarily be repeated on Gotland. It might be argued that as soon as the first populations have become established on Gotland, they should produce enough seeds to colonize also other sites on the island. In line with such an expectation we do see some restricted indication of regional dispersal of genotypes on the island, for instance sharing of plastid haplotypes 109 or 87 between closely situated populations on different parts of Gotland. However, in general there was very little genetic similarity between neighbouring populations, supporting observations in other orchid species that most seeds fall very close to the mother plant, and only a tiny fraction is dispersed between populations (Jersáková and Malinová, 2007; Jacquemyn et al., 2009; Helsen et al., 2016) .
Low pollen to seed dispersal ratios have been recorded in other temperate terrestrial orchids (Table S7) , including Epipactis helleborine (Squirrel et al., 2001 ) and Dactylorhiza majalis s.s. (Hedrén and Nordström Olofsson, 2018) , which have also experienced recent or post-glacial range expansions. Higher ratios have been recorded in some tropical orchids, suggesting that these species have been growing under stable conditions for longer periods of time and that pollen dispersal has contributed more to the dispersal of genes between populations than in many temperate orchids. Many tropical orchids are characterized by highly specialized pollination syndromes, and having strong-flying pollinators transporting pollinaria over long distances, (e.g. Janzen, 1971; Kroodsma, 1975) . Pollen to seed flow ratios may also depend on geographical scale (Hamrick and Trapnell, 2011) . In contrast to seeds, pollinaria are mainly distributed over moderate distances, within populations and between adjacent populations. Thus, pollen to seed flow ratios may be quite high over short geographical distances, but small over larger geographical distances, and this pattern appears to be reflected in some, but not all, orchid species examined (Table S7) .
CONCLUSIONS
The combined population of D. majalis ssp. lapponica on Gotland is highly variable and has apparently been established by multiple colonization events from surrounding mainland areas. Gotland has probably been colonized over a long period of time, and the highest values of genetic diversity characterize the putatively oldest populations. Genetic variation is not correlated with geographical position of the populations, but correlated among marker systems. The main determinant of the genetic structure should be dispersal by seeds. Dispersal by pollen has so far not given any significant contribution to gene flow among populations on the island.
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